A comparative investigation on the microstructural morphologies and hardness values of Cu-35 wt.% Zn and Cu-30 wt.% Zn with 1.5 wt.% Al content is provided. Distinctive specimens by using traditional investment casting were produced. Specimens withdrawn from distinct locations along the castings were thermally and microstructural analyzed. Thermally and chemically induced microstructural modifications affecting the microstructure and hardness are discussed. It is found that components (specimens) located at different positions along of the pattern tree casting have distinctive hardness values. This is associated with Cu segregation and cooling rate. It is also found that solidified piece under a cooling rate ~0.12 K/s has hardness 20% higher than the specimen solidified under 0.07 K/s. Duplex brass with Widmanstätten structure constitutes the resulting microstructure array. This seems to be associated with Al content, while both Zn and Al contents are associated with cooling rate as responsible parameter to induce Widmanstätten structure formation.
Introduction
In order to design the performance of manufactured component as a function of the processing variables, a combination of determined hall of properties is very important. An alternative way to affect the resulting performance of a component is controlling of the resulting microstructural morphology by manipulating the processing variables. Some investigations have been developed, demonstrating the correlation between resulting microstructure array and properties [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] . Based on this, in this present study, corroborations with some guidelines in order to preprogram a desired property intimately associated with microstructural array concerning to brass alloys applied in jewelry sector are carried out.
In the 1980's a number of investigations concerning to brass, jewelry, gold jewelry and investment casting have contributed with both technical and scientific aspect. Ott and collaborators [11] [12] [13] and Nielsen 14 have demonstrated factors affecting the quality surface of castings and nucleation characterization inferring into the liquid and final surface of the castings. Zinc content effect 12 and gas pressure in mold during casting, which also affect the quality of the casting produced have also been reported by Ott et al. 12, 13 . A number of other important contributions concerning to Cu alloys (in particular brasses) involving thermodynamic aspects and some properties has been reported [5] [6] [7] [8] [13] [14] [15] [16] [17] [18] 22, 23 . Recently, it has been published a paper 18 discussing a new shell casting for investment casting for distinctive materials and applications. However, it is perceived that since the 80's decade there exists a lack of a contribution mixture between technical and scientific aspects directly focused on the jewelry industry. This contribution should indicate a range of operational parameters such as melting temperature correlated with piece volume and dimension, the corresponding position of the piece inside the casting, which affects significantly the resulting macrosegregation, cooling rate, visual/surface quality, mechanical properties and gold-plating quality. In this sense, this proposed investigation reasonably corroborates in this direction based on their obtained experimental results.
Since their operational parameters are discussed and possibly controlled, a certain cost and desired performance (e.g. hardness and surface polishing) correlated with cooling rate can be attained. The combination of workability, thermal and electrical conductivity, good wear and mechanical behavior, associated with reasonable corrosion resistance and low relative cost 5, 6 , a number of brasses in distinctive industrial applications (e.g. automobile, electronic, energy, etc.) are widely manufactured [1] [2] [3] 5, 6 . It is worthy noted that during the last 30 years the tribological behavior of these brasses has also been reported 5, 7, 8 . From the brass alloys required to bearing application, both Cu content (> than 60 wt. %) and partial Pb content (of about 3%) are considered. This induces to a reasonable formability in a cold working and facilitated machining 6 . Cu-Zn is an important and well-known binary alloy system and at Cu-rich side has widely been investigated 9 .
Considering the group of non-ferrous metals, Cu-Zn alloys constitute a group of alloys in industrial application widely used 10 . Brasses are commonly produced in various domains into the foundry industry in order to manufacture some distinctive components used e.g. in: civil engineering, aircraft industry, and machine buildings. The jewelry industry also constitutes an industrial sector, which has widely used these brasses to produce distinct components. Although the manufacturing of the brasses in jewelry parts has been carried for a long time, it is considered reasonably new the trade-off between performance and cost associated with environmentally-friendly aspect.
From the metallurgical point of view, both the alpha and alpha + beta (called as dual-phase) brasses are commonly used. It is known that the investment casting was established over 5500 years ago 19 . This process is the proven technology to economically produce metal forms with complex geometries, narrow tolerances, great mechanical properties and superior surface finish. As aforementioned, there are various components manufactured using this process (e.g. turbine blades, dental crowns and fixtures, gears, jewelry, etc.) 19, 20 . Prototypes are rapidly produced from a customer furnished computer-aided design solid model. These associated with investment casting can be a powerful tool to casting industry with near-net shape, environmental-friendly, relative low cost and preprograming resulting properties.
Since the brasses offer a friendly-environmental aspect, in order to improve the resulting performance based on the applied process variables the jewelry sector has been taken attention. In this sense, a group of small business companies from the gold-plating sector and their association (i.e. Association of Gold-plated Jewelry from Limeira city, the Associação Limeirense de Joias -ALJ 21 ) have induced reinforcements to improve the sector. Although the goldplating jewelry industry is worldwide recognized, Limeira city (São Paulo state, Brazil) is renowned as the gold-plating capital city in Brazil 21 . Approximately 500 companies of semi jewelry production are located at Limeira city. It has been stated 21 that their monthly production attains of about 50 ton. Based on the friendly-environmental aspect and compatible relative cost associated with reasonable performance (i.e. unsoundness, strength, hardness, ductility, workability and corrosion/oxidation behavior), the thermal and compositional aspects and operational parameters can be used to control of the resulting microstructural array of these semi jewelry pieces. As a direct consequence, the desired performance can also appropriately be attained.
From the metallurgical point of view, an investigation concerning to thermally and chemically induced microstructural modifications, which affect the hardness of a brass (Cu-Zn based) alloy seems to corroborate with up-dating knowledge. This is scarce in literature, in particular considering duplex brasses applied to jewelry and semi-jewelry industries. Although this study is majority focused on jewelry industry, it is well known that bearing, medical and a number of other industries can be benefited. The novelty concerns to the fact of the chemical and thermal aspects are intimately associated with the resulting hardness and workability of the proposed components and investment casting parameters (i.e. location at pattern tree, molten temperature and cooling rate). A comparison between two distinctive Zn contents (i.e. 30 and 35 wt. %) and two different component shapes of a Cu-Zn-1.5Al alloy is carried out.
Experimental Procedure

Materials and samples preparations
Commercial pure Cu (99.991 wt. %), Zn (99.993 wt. %), and Al (99.97 wt. %) are used. Two distinctive brasses with 1.5 wt.% Al content are produced: i) Cu-30 wt. % Zn (C30ZA) and ii) Cu-35 wt. % Zn (C35ZA). An inductive furnace is utilized to prepare the examined alloys samples. X-ray fluorescence (XRF) and EDS (energy dispersive spectroscopy) techniques are used to confirm the alloys compositions. Table 1 shows the chemical compositions of each examined brasses samples constituting the semi jewelry (ring) pieces. In the shell-building, gypsum to constitute the ceramic shell is used. The brass components with shaped-ring are called as "Model" 1, 1B, 2 and 3. Model 1 and 2 have designated composition as C35ZA since their chemical compositions and shapes are similar (i.e. ~35 wt.% Zn and 1.5 wt.% Al). They were obtained (withdrawn) from distinct locations at the pattern tree (casting). The component Model 1B has a same shaped-ring of Models 1 and 2 containing 30 wt. % Zn content (designated as C30ZA). Model 3 has a different shaped-ring, but it has a similar chemical composition when compared with Models 1 and 2. Models 1 and 2 are located approximately of 40 and 95 (±3) mm from the intersection between "main sprue" and "runner" of the proposed tree casting considering their corresponding "feed sprue", as schematically shown in Fig. 1(a) . Fig. 1(b) and 1(c) shows the corresponding shape-ring of the proposed brass samples, i.e. called as Model 1 and Model 3. At the top of the steel flask (tubes) containing the pattern tree are located the thermocouples, as also shown in Fig. 1 . Thermocouples (Type K) strategically located at "main sprue" are used to recorded the cooling curves of each examined Model 1 at points #1 and #2, as show in Fig. 1(a) . The cooling rates were determined based on the transformations detected in the experimental temperature vs. time curves considering those specific thermocouple locations (points #1 and #2), as shown in Fig. 1(a) .
A certain volume of molten using a stainless steel ladle is poured out into the cavity of the tree (mold). After solidification, the casting trees were knocked out for remove the involving capsules of gypsum and brass samples (patterns) were cut-off and metallographically prepared.
Microstructural observation and hardness
The brass samples were mounted into molding epoxy and sequentially were ground using grit silicon carbide papers (up to 1200 mesh), washed into deionized water, degreased with acetone and dried by forced natural airflow. A 0.3 µm alumina paste/suspension for polishing was used. In order to reveal the resulting microstructure array for all examined brasses, a solution constituted of 10 % (vol.) ammonium persulfate during 2 and 4 s was used. Although there are other etchants to reveal the brass microstructure (i.e. FeCl 3 into HCl solution 5, 10, 22 , and a HNO 3 solution 23 ), the ammonium persulfate has produced satisfactory micrographs.
The grain sizes (GS) and the average lengths of needle-like or plate-like Widmanstätten were determined when were depicted. From each selected position lengthwise of each casting piece of about 10~20 values were measured. The averages and its corresponding error ranges were also determined.
Brinell hardness tests were carried out using a 5 mm diameter steel ball and a 62.5 kgf load (HBS 5/62.5, ASTM E10). The averages of HBS values were determined considering of about 15 measurements for each examined sample. Vickers microhardness were also performed indenting predominantly α phase and β phase using loading of 25 and 50gf (ASTM E384). For microhardness measurements, at least 5 points for each one of the examined samples were tested, and arithmetical mean values were determined.
Results and Discussion
Resulting microstructure array: distinctive positions at casting
A comparison between the resulting microstructural array of similar shape and chemical composition of the pieces (Model 1, as shown in Fig. 1b ) varying their corresponding positions along the casting (pattern tree) was provided. Typical micrographs of the as-cast brass C35ZA samples are depicted in Fig. 2 . Fig. 2 (a) and (c) corresponds to that of the resulting microstructure at point # 1, which is located at the top of the casting. On the other hand, the obtained microstructural array of the C35ZA alloy is correlated with the bottom of the casting (pattern tree), as shown in Fig. 2 (b) and (d). Based on these microstructural observations, it can be seen that the classic Widmanstätten structures [22] [23] [24] are formed. The α phase (needle-like) Widmanstätten are predominantly formed, as depicted in Fig. 2 . A Cu-Zn binary alloy phase diagram is shown in Fig. 3(a) 6,9,24 . Fig.  3(b) shows the experimental cooling curves at points #1 (top of the casting) and #2 (at bottom). It is worth noting that all steps (procedures) applied in the investment casting were very similar in order to obtain the examined samples. The Zn content and shaped-ring of Models 1B and 3 are different. It can clearly be observed that Widmanstätten (alpha-phase) structures are parallel to the β (110) plane and it precipitates at the grain boundary (GB) of the β phase, as well known in previous studies 23, [25] [26] [27] . A schematic representation to explain the precipitation and mechanism of formation for Widmanstätten structure has been recently reported 23 . When a Widmanstätten structure is precipitated, a tile angle is formed and this phase growths toward to Y direction, as shown in Fig. 2(a) . It is known that the island structure is parallel to the acicular structure and the island transfers into the acicular structure for another section 23, 26 . A mixture between needle-like Widmanstätten morphology and an island structure are observed in Fig. 2(a) and (c). The GB size is ranged between 195 (±15) µm and the average of the width for the alpha-phase (needle-like) Widmanstätten is of about 32 (±12) µm, while their corresponding average of the length is of about 85 (±8) µm. The characterization of coarser islands is clearly observed in Fig. 2 
(c) and (d).
It can also be said that both the average of the length and width of the microstructure shown in Fig. 2 (c) and (d) are higher than other ones. Hsieh et al. 23 have reported that finer (shorter) plate and acicular morphologies constitute slower mobile regions of the GB than the coarser morphology.
As aforementioned, two typical cooling curves corresponding with those thermocouples located at points # 1 (at top of the casting) and # 2 (at bottom), are shown in Fig. 3(b) . It is remarkable that the flask is displaced inside a rotate furnace under a 0.5 rpm and temperature setting is at 913 K during 8 h before the pouring brass molten casting. The flasks (steel carbon) were displaced with its top at bottom of the rotate base of the furnace in order to dewaxing be provided. The dewaxing is facilitated with this displacement and at point #2 a higher temperature (~ 913 K, i.e. ~ 640 o C) than the point # 1 is registered (~ 853 K, i.e. ~ 580 o C). Fig. 3 (c) depicts distinctive experimented temperatures in order to evidence the thermal behavior at bottom, 1/2 and 2/3 from the bottom of the flask (at pattern tree). From the cooling curves, it can be observed that at bottom of the casting a temperature of about 1287 K (~ 1014 o C) is achieved. It should be remembered that this temperature profile is attained when the brass is poured out. At the top of the casting, the temperature was recorded of about 1273 K (~1000 o C). It was taken of about 45 s and 34 s to initiate the solidification at positions #2 (bottom) and #1 (top), respectively. It is perceived that the bottom of the casting (point #2) solidifies after the point #1. This initiates at 1210 K (937 o C) up to 1198 K (925 o C) under cooling rates of 0.12 (±0.011) K/s and 0.07 (± 0.008) K/s at position #2 (bottom) and #1 (top), respectively. These cooling rates are typically observed when a ceramic (gypsum) shell mold in the investment casting is used.
Based on these aforementioned experimental results, it is corroborated with the jewelry manufacturers that commonly not check, inspect and controlling the eminent molten before pouring in chamber or mold. As will forwardly be discussed, these operational procedures have an important roles on the resulting microstructure arrays and consequently on their corresponding results of the mechanical behavior.
It is well known that in an equilibrium solidification condition, a peritectic temperature at 1175 K (902 o C) will occur, as shown in Cu-Zn phase diagram [28] [29] [30] [31] . The liquidus temperature seems to be at 1210 K (937 o C) and the beta-phase transformation seems to be consolidated at 1148 K (902 o C), as observed in Cu-Zn phase diagram. At temperature ~ 1198 K (~ 925 o C) a slight variation in cooling curve is observed. This seems to be correlated with a modified peritectic transformation due to a non-equilibrium solidification condition. Some investigations have shown that the peritectic temperature in a non-equilibrium can slightly be varied [28] [29] [30] [31] . It is remarkable that solidification in a non-equilibrium condition is typically applied in jewelry sector, which indicates that preprograming of the operational parameters have important roles onto the resulting mechanical behavior.
Investigation developed by Miettinen 31 considering Cu-Zn alloys system has demonstrated that the solidus temperature and α → α+β transformation field are significantly modified when cooling rate is increased (i.e. observed thermal transformations seem to be similar with prescribed in phase diagram, as shown in Fig. 3(d) (adapted from 31 ). Another important observation that should also be taken in account is the fact that the piece located at bottom of the pattern casting tends to be a slightly higher Cu content than the sample observed at top of the casting. This is intimately associated with Cu segregation. It is known that Cu density is of about 25% (~ 8.9 g cm -3 ) higher than Zn (~ 7.14 g cm -3 ), which under a slow solidification a Cu segregation is provided. Table 2 shows the XRF results (average from duplicate analysis) for the examined C35ZA samples at positions #1 and # 2 evidencing that Cu segregation has occurred. Several manufacturers reasonably neglect these thermo and physical phenomena. Consequently a rather and poorly homogenization of the melting is provided and a deleterious effect provoked by a Cu macrosegregation is attained. It is mentioned deleterious effect due to the difference in the Cu-to-Zn mass ratio, the resulting mechanical behavior is significantly affected. With this, the hardness is decreased while the ductility is increased and a definitive plastic deformation on the surface of the pieces when polishing can easily occur. This means that a complementary treatment to correction at the surface will be demanded. Finally, the manufacturing costs can significantly be modified.
Resulting microstructure array: distinctive Models
A comparison of the resulting microstructure arrays between the pieces with Models 1 and 3 is shown in Fig. 4 . It is remembered that Models 1 and 3 have similar Zn and Al contents. Although similar cooling conditions have been applied in order to produce the Models 1 and 3, it seems that due to its distinctive shapes (i.e. Model 3 is lighter and thinner than Model 1), their corresponding microstructural arrays are reasonably different. This suggests that a thermally induced microstructural modification is corroborated. It is worth noting that Cu segregation can significantly affect both the hardness and ductility, as aforementioned. The measured weights of the Models 1 and 3 are of about 48 (± 4) and 14 (± 2) g, respectively. This demonstrates that for a tree casting containing a Model 3, their corresponding cooling rate will be higher than the Model 1. It is remarkable that similar pouring temperatures were adopted. It is also clearly observed the typical Widmanstätten structures for both the Models 1 and 3 (thinner) are formed. The former microstructural array (Fig. 6 b, d and f) is coarser than the latter (Fig. 6 a, c, and e) . With this comparison, it can be induced that the thinner Model has a finer needle-like α phase, finer grain size and islands than ones. Fig. 2(a) and (c) corresponds to the solidified microstructural array at point #1, which is located at the top of the casting. On the other hand, the resulting microstructure of the C35ZA alloy is correlated with the bottom of the casting (pattern tree), as shown in Fig. 2(b) and (d) . Based on these microstructural observations, it can be seen that a typical and traditional Widmanstätten structure is formed. The needle-like α-phase Widmanstäetten for the Model 3 (thinner) attains a width between 12 and 50 µm while the Model 1 has attained between 25 and 80 µm, as shown in Figs. 4 (e) and (f). It is important to remember that a Widmanstätten structure is constituted from the precipitation of a new solid phase at high temperature decomposing into two solid phases at a lower temperature 32 . This precipitation usually occurs at the grain boundaries of the initial crystals within the grains themselves (needle-or plate-like phase), which have particular orientations depending on the crystallographic structures of the original crystals 32 .
It is known that a β-phase (Zn-rich region, dark region) has a body centered cubic (BCC) lattice [32] [33] [34] , which is harder than the α-phase. Cu has a face-centered cubic (FCC), while a hexagonal close-packed lattice (HPC) is constituted by Zn. After a peritectic reaction, the Zn-rich phase (β-phase) is consolidated. These phases are constituted by dark regions, as shown in Figs. 2 and 4 . For this reason, a high cooling rate induces to a finer microstructural array. This provides a finely and homogeneously distributed β-phase, which provides for the Model 3 a microstructure of about 3 x finer then other examined samples. This also suggests that the mechanical behavior is improved. When the ductility is predominantly desired in a component produced under this condition, the thermal condition should be revised in order to preprogram another more adequate. Although very similar Cu and Zn contents, the finer microstructure (Model 3) has ~ 5 % of the average of the black area percentage corresponding with β-phase, while ~ 17 % corresponding with coarser microstructure is attained, as shown in Fig. 5 . Fig. 5 (a) and (b) demonstrates typical binary images of those micrographs shown in Fig. 4 . Image intensity threshold was applied in order to become binary images using sections of 300 per 300 pixels (at least 100,000 µm 2 ). Fig. 5(c) shows the average of the β-phase determined from the obtained binary images. It is known that the β-phase is primarily solidified, and this confirms that a high cooling rate provides finely and homogeneously distributed black regions. On the other hand, a more slowly cooled microstructure is constituted by a coarser β-phase and needle to plate-like α-phase (Widmanstätten structure). It is also worth noting that the jewelry manufacturers immerse the brass casting into water container intending to reduce the producing cycle. Consequently, distinct microstructural array from that initially planned are established. Instead a reduction of the production time be attained, the complementary procedures will be required, and consequently the final cost will be increased.
Resulting microstructure array: two distinctive Zn contents
In order to evaluate the effect of the chemical modification on the resulting microstructure array of the examined brasses, the Model 1 was selected. However, Zn content was reduced to ~ 30 wt. % and ~1.6% (wt. %) and Al content was remained. This sample was called as Cu-30 wt. % Zn alloy with ~ 1.6 wt. % Al (C30ZA) considering the Model 1B, as shown in Fig. 1(b) . Fig. 6 shows the distinct optical magnifications for a typical microstructure of a C30ZA. A duplex α/β phase formation is clearly observed. For this brass composition, the Widmanstätten morphology was not characterized. The α-phase (light region) is predominantly formed, while the β phase (dark region) seems to be occupied into pseudointerdendritic arms. Experimental Investigations 22,23 have shown similar microstructures when Zn content attains between 30 and 40 wt. %. It is important to remember that this microstructure shown in Fig. 6 was manufactured by using the same Model 1 shown in Fig. 1(b) . Based on literature, it is presumed 23, [26] [27] [28] [29] [30] [31] that a Widmanstätten array in a brass has a critical chemical composition (~30 wt. % Zn) to be formed. Depending of the applied cooling rate, the composition vs. temperature for α+β phase and Widmanstätten formation can be significantly modified 31 . This seems to help to explain the reason for a sample C30ZA be constituted by a duplex structure formation. In the investigation developed by Pantazopoulos and Vazdirvanidis 22 , it was found that the brass phases formation are intimately associated with both the casting and thermo-mechanical conditions (e.g. cooling rate and extrusion temperature, respectively).
Although Widmanstätten structure is not predominantly characterized, it seems that both Zn content and cooling rate have corroborated to initiate this formation, as depicted in Fig. 6 . Although the cooling rate was no specifically determined for this samples, it will define both the alpha and α and β phase morphologies and sizes. Wood and Hellawell 26 have demonstrated that α-phase precipitates in distinctive morphologies, which are firstly occurred at boundaries and from β-phase, as shown in Fig. 6 (d) . The results of EDS patterns of the C35ZA and C30ZA brasses samples are shown Fig. 6 (e) . Al content in the examined alloys is detected. It can also be reported that into the jewelry sector, the manufacturers have commonly added Al contents higher than 1 wt. %. This significantly affects the resulting microstructure without improvement into the mechanical behavior. This based on the fact that its commonly pouring temperature is relative higher than a certain adequate temperature and both Zn and Al contents can be "missed". This is strongly affected when the cooling rate and/or Zn content (or Cu-to-Zn ratio) are modified. Besides, Al addition seems to provide a deleterious effect in the gold plating, which delaminates the Au-plated coating. Besides, dirt into galvanic bath can also be incorporated and the efficiency of the gold-plating and its cycling life-time are considerably be reduced.
From the metallurgical point of view, thermally and chemically induced modifications have affected the resulting microstructure of the examined brasses. Different hardness measures have been obtained due to these distinct microstructural morphologies. In order to correlate the experimental hardness results with their corresponding microstructure array some comparisons were made.
Hardness, microstructure array and cooling rate correlations
It was previously mentioned that HPC and FCC lattices are corresponding with Zn and Cu, while a BCC lattice characterizes the β-Zn rich phase [32] [33] [34] . Haque and Khan 35 have reported that a Cu-Zn casting alloy has both its hardness and tensile strength varying with the imposed casting condition. In order to compare the hardness of the examined brasses in this present investigation and to correlate with their resulting microstructures, the hardness measurements of commercial brasses are also discussed. Based on the mechanical behavior results obtained from the Copper Development Association 36, 37 , two casting brasses commercially recognized into Unified Numbering System were analyzed, i.e. (UNS) C85500 (casting) and C85450. Since these mentioned UNS brasses have similar chemical compositions with those examined in this present study (i.e. Zn content, low or free-Pb and Sn, and low Fe and Al contents), they were selected in order to comparison be provided. In this sense, the mechanical strengths of both commercial and examined brasses are shown in Table 3 . Although the corresponding cooling rates for commercial brasses are not indicated (no described in literature), it is induced that the C85500 produced using a permanent mold surely has a higher cooling rate than the C85500 produced by using a sand-cast condition. This significantly affects their hardness (in HRB or H Brinell) and tensile strength, as demonstrated in Table 3 .
Based on the experimental hardness results and compared with the aforementioned commercial brasses, it is hardly induced that the increase of the hardness of a duplex brass component produced by investment casting is obtained when the cooling rate receives a certain preprograming and controlling. A C35ZA brass sample constituting the Model 3 (Fig. 1c) produced under a cooling rate ~0.18 K/s generates a finely and homogeneously Widmanstätten microstructure array. Their obtained hardness result (~ 88 HB) is similar to those obtained for commercial casting brasses (~ 85 HB) 36, 37 . Based on these hardness measures and the obtained microstructural arrays, it can also be concluded that the highest Brinell hardness is that of the sample with ~ 35 wt. % Zn and 1.5 (±0.1) wt. % Al contents, which has been produced under a 0.18 K/s. The intermediate HB hardness is that of similar chemical composition under 0.12 K/s. The lowest HB hardness values are those of the C35ZA and C30ZA brasses samples.
Although the experimental cooling rate was not determined for the C30ZA sample, it is speculated that their corresponding cooling rate is similar to C35ZA (i.e. ~0.07 K/s) due to their shape is also very similar. It is expected that this similarity in hardness is associated with duplex structure formation. It is clearly also observed that HV microhardness measurements have also accompanied the general HB hardness, i.e. HV microhardness decreases with decreasing the cooling rate.
A number of experimental investigations [38] [39] [40] [41] [42] [43] [44] considering distinctive materials and alloys has reported that the increase of the imposed cooling rate generates an increase in the mechanical behavior. Based on the experimental results and comparing with commercial brasses, evaluations between examined brasses and those commercial brasses can be carried out. The effect of the cooling rate on the resulting microstructure array is summarized in Table 3 . Since the main core of this proposed investigation is to demonstrate the effect cooling rate upon the microstructure and consequently on the attained hardness, when comparing the values shown in Table this correlation can be understood. It is also worth noting that a duplex brass has both the alpha and betha phases. These phases have their individual contribution in order compose the general hardness of the solidified brass. As also can be observed in Table 3 , the α-phase has a lower hardness (designated in HV hardness) than the β-phase. It is confirmed that β-phase is hardener than α-phase, as also shown in Table 3 . This helps to explain the fact when a fine and homogenously β-phase distributed induces to a positive strengthening effect.
The correlations between the experimental results for Brinell hardness (HB) and the cooling rate of both the C35ZA and C30ZA brasses samples and their corresponding microstructural arrays are summarized in Fig. 7 . A first analysis indicates that similar cooling rate (between 0.04 and 0.07 K/s) applied to two distinctive Zn contents (i.e. 30 and 35 wt. %) induces to an equivalent mechanical behavior (i.e. ~ 60 HB). On the other hand, considering a same Zn content, an increase of the hardness (~ 90 HB) is attained when a cooling rate from ~ 0.12 K/s to ~ 0.2 K/s is increased. It is remembered that the increase of about 2 times of the applied cooling rate seems to be cheaper than the increase of Zn content or other strengthening element addition. Besides, it should also be remembered that the addition of other elements induces to a possible inclusion of dirty into the galvanic bath. It is declared that the gold-plating is commonly carried out in different industry, which has produced the as-cast component. However, it is also believed that additional costs will be introduced to this foundry industry.
From the aforementioned discussion concerning to the microstructural array, chemical composition and hardness measurements, it is induced that from those examined duplex brasses samples, the β phase seems to be precipitated with Al content, as also verified in previous investigations 5, 6, 22, 23, [26] [27] [28] . The Widmanstätten formation seems to be associated with both Zn and Al contents (or their Zn to Al mass ratio) and the imposed (experimentally practicable) cooling rate. For instance, the C30ZA brass sample has Al content and Widmanstätten has no occurred or no predominantly formed, as shown in Fig. 6 .
Among the examined duplex brass structures, independently of their chemical composition, the hardness has increased with increasing the resulting cooling rate. This seems to be intimately associated with fineness of the resulting Widmanstätten array. This evidences that thermally and chemically induced microstructural modification affects substantially the resulting hardness. In this sense, it is hardly indicated to the jewelry's manufacturers that independently of the selected manufacturing route, the imposed cooling rate should meticulously be preprogrammed, controlled and analyzed.
In the investment casting commonly used in jewelry sector, the position (location) of the piece in the pattern tree (along the casting) should be carefully designed (planned) intending that a certain and adequate cooling rate condition be provided. This will surely originates in a microstructural array with a slightly increase in the desired mechanical behavior. For instance, if there is a design for a thinner piece to be produced (inside casting mold), a low hardness will be attained when this piece at the bottom of the casting is located (positioned). On the other hand, if an increase in the hardness is desired for this mentioned piece, it seems that the increase of the Zn content limiting up to 45 wt. % is a reasonable mechanical solution. When complementary working is required (e.g. drilling, ground, polishing, etc.), it is suggested that a lower hardness be obtained. In this sense, it seems that an argon injection and/or an overheating provide a resulting ductility compatible with proposed future working. It is worth noting that the flask temperature has also an important role on the resulting microstructural array and due to, it should also be associated with the pouring temperature in order to determine the cooling rate of the examined brasses.
Based on the aforementioned experimental results associated with the fact that examined brasses have friendlyenvironmentally aspect, low relative cost associated with controllable performance (e.g. hardness, ductility, and castability), this experimental study corroborates with both jewelry and other industries in order to improve the technical and operational understanding of the effects correlated with thermal and compositional aspects and operational parameters controlling the microstructure formed. As a direct consequence, each distinctive component accordingly with their different desired performance can be appropriately preprogramed. With this, both the chemical composition (Zn and Cu contents) and applied cooling rates before neglected by jewelry manufacturers when planning a component will be more adequately analyzed.
Conclusions
1. Based on the experimental results is revealed both thermal and chemical effects on induced microstructural modification and, consequently on the mechanical behavior. The following conclusions can be drawn. 2. Considering an investment casting proceeding and inside a same pattern tree, it is found that the manufactured components located at distinctive positions along the casting containing very similar Zn and Al contents have their values of hardness differently ranged. It is found Cu segregation at the bottom of the examined casting. A finer microstructure array is formed and a hardness ~20% higher (~70 HB) than the located at the bottom of the casting is provided. 3. It is also found that a thinner piece exhibits a more finely and homogeneously distributed β phase with finer Widmanstätten structure than the piece solidified under low cooling rate. This also evidences the important role of the thermal effect on the microstructural morphology and hardness. 4. A duplex brass seems to be intimately associated with Al content, which induces to a strengthening effect. The hardness is increased with the increase of the cooling rate, which seems to be associated with fineness of the Widmanstätten array.
